Abstract: This study discusses scientific contributions analyzing soil-atmosphere relationships. These studies deal with both the biogeophysical and biogeochemical aspects of this relationship, with biogeophysical aspects being in the majority. All of the studies refer either directly or indirectly to the fundamental importance of soil moisture content. Moisture has a basic influence on the spatiotemporal pattern of evapotranspiration, and so 1) on cloud formation and precipitation events by regulating the intensity of convection, and 2) on the trace-gas exchanges in the near-surface atmosphere. Hungarian modeling efforts have highlighted that soils in the Pannonian Basin have region-specific features. Consequently, shallow and deep convection processes are also, to some extent, region-specific, at least in terms of the diurnal change of the planetary boundary layer height and the spatial distribution of convective precipitation. The soil-dependent region-distinctiveness of these two phenomena has been recognized; at the same time the strength of the relationships has not yet been quantified.
Introduction
Soil directly influences the vertical transports of mass, energy and momentum at the interface between the landsurface and the atmosphere. Via turbulent mixing, these transports in the planetary boundary layer also contribute to the formation of clouds and precipitation. Two types of soil effects may be distinguished: biogeophysical and biogeochemical (Table 1 ). Soil's main biogeophysical features determine radiation (keywords: albedo and emissivity), momentum (keyword: roughness length) and heat (keywords: hydro-physical properties) transports. Biogeochemical features mainly determine the mass transport of trace-gases. Substrate content and pH may be the most important among biogeochemical properties. Table 1 shows no relation between certain transport processes and soil features. There is no albedo-dust nor albedo-trace-gas relationship because there is no direct relationship between albedo and the transports mentioned. These quantities are only indirectly related via surface energy and mass balance equations.
[1] was the first who recognized the importance of the albedo-LH-precipitation-albedo process chain. He analyzed this interrelationship in the Sahel region, where this sensitivity is of special importance [2] . The notion of the "biophysical feedback mechanism" was introduced in these works [3, 4] ; the term is still in use today. The impact of roughness on near-surface atmospheric transports is as old as the subject of modeling the albedo-climate interrelationship [5, 6] . This is frequently handled together with albedo-climate feedback, especially in those works where a deforestation process is in focus [7] . The effect of soil hydraulic properties on atmospheric transports is dealt with most frequently. The subject of hydraulic properties-dust transport is treated with great care [8] , of course, in the countries which are affected [9] . The dependence of tracegas exchange on hydraulic properties of soil is also a wellrepresented subject [10, 11] . It is to be mentioned that this subject is becoming more and more popular [12] , though the complexity of the processes is increasing [13] . The dependence of latent (LH) and sensible (SH) heat fluxes on the hydraulic properties of soil is one of the most pop- Table 1 : Hungarian and international contributions discussing the soil-atmosphere relationships. The review is given according to the soil features and transport processes considered. Symbols: H = Hungarian, I = International, -= no relation, LH = latent heat flux, SH = sensible heat flux, MNC = mineral nitrogen content, E h = redox potential, SOC = soil organic carbon. in the  atmosphere  trace  -I  H, I  H, I  H, I  H, I  gases  dust  -I  I  ---LH,  I  I  H, I  ---SH  albedo roughness hydraulic MNC  pH  SOC  properties and/or E h biogeophysical biogeochemical Soil features ular subjects. The sensitivity of LH and SH to changes of soil textural classes was registered already during the 1980s [14] ; not much later this was also the case in the Central European region [15] . The strength of the connection between planetary boundary layer (PBL) height and hydraulic properties was recognized in the 1990s [16, 17] . This subject is also extensively discussed by [18, 19] in terms of PBL cloud formation, where the important role of soil moisture content is also highlighted. The role of soil moisture in the formation of the summertime Central European precipitation climate has also been recognized [20, 21] . This has also been noted and discussed on the global scale [22] . Soil moisture-temperature feedback, as a specific feedback type, is also a relevant process in the Central European region [23] ; it is strongly related to intense drought events [24, 25] . In these studies, so-called global, that is, USA soil data sets are used [26, 27] , though soil scientists have concluded that the soils of a region are more realistically characterized from local, rather than from global soil data sources [28, 29] .
Transports
The biogeochemical effects of soil on the atmosphere are less commonly studied compared to biogeophysical impacts. This is so, because physical state variables (e.g. temperature and soil moisture content) determine the chemical ones (e.g. pH value or redox potential (E h )) more than vice versa. There are no contributions dealing with the effects of MNC (mineral nitrogen content), pH and/or E h and SOC (soil organic carbon) on LH, SH or dust transport because there is no direct relationship between these biogeochemical properties and the transports mentioned. The influence of biogeochemical properties on trace-gas transports is a complex subject investigated with more caution [30, 31] . pH, organic matter content and nutrient availability are proximal factors in regulating decomposition processes; it could be said they are as important as soil moisture content and temperature. They have a crucial role in the conditioning of microbial community structure and activities [32] . It should be mentioned that investigations concerned with the biogeographic distribution of soil microbial communities are pioneering works, which are also due to the development of new techniques [33] . So, it is shown by molecular techniques [34] also that pH has a fundamental role in determining microbial community composition in the soil.
Hungarian research has focused mainly on the relationships between LH, SH and trace-gases on the one hand, and on hydraulic properties on the other. Those subjects dominate which are related to turbulent heat transfer; notably, the relatively extensive and flat areas in Hungary enable strong land-surface-atmosphere interactions in convective weather situations. In such cases, the role of soil in governing atmospheric exchange processes becomes more important. Studies have focused on treating soil-PBL height [35, 36] or soil-precipitation [37, 38] interrelationships. These investigations were motivated by the recognition that Hungarian soils unequivocally differ from other neighboring European soils [39] . This is also supported by the results of [40, 41] in terms of hydraulic properties. Concerning trace-gas transport only a small number of contributions exist [42, 43] .
To our knowledge there is no comprehensive analysis focusing on soil-atmosphere relationships. A treatment of the subject could be relevant not only from a meteorological [44] , but also from a pedological [11] or ecological [45] point of view. The subject is broad and it is hard to find indisputable guidelines. One possible way is to discuss soil-atmosphere relationships as concisely as possible in the framework of Hungarian modeling efforts that refer mostly to the Pannonian Plain, and by mentioning the main differences between Hungarian and international treatments. The main characteristics of the region and study sites examined are briefly presented in Sec- tion 2. The effect of biogeophysical features of soil on the transport of LH and SH as well as on PBL height and convective precipitation is discussed in detail in Section 3. The dependence of trace-gas transport on some biogeophysical and biogeochemical features is analyzed briefly in Section 4. The role of soil moisture content in the formation of weather and/or climate is discussed in Section 5. Lastly, concluding remarks with an outlook are given in Section 6.
Region, study sites, soil characteristics
The Pannonian Plain, as the largest Intra-Carpathian Plain, is the lowland part of the Carpathian Basin, consisting of the Great Hungarian Plain, i.e. Transdanubia with the Kisalföld Plain in the north and the Drava Plain in the south. It includes all of Hungary as well as peripheral areas of Slovakia, Ukraine, Romania, Serbia, Croatia, Slovenia and Austria. The geographic maps of the region before and after the flood control carried out during the nineteenth century are presented in Figure 1 . This human impact enormously changed the hydrography of the region. This is especially true for the Great Hungarian Plain, where areas as large as counties had been covered by water temporarily or, not rarely, during the whole of the year. A more detailed description of the natural conditions in the medieval Carpathian Basin can be found in [46] . Today, almost all water-covered and marshy areas in the days of long-ago have been converted to croplands, with extensive farming being carried out. In spite of this change, the region continues to be unique.
The natural vegetation has a characteristic mosaiclike structure with many Pontian and endemic floral elements instead of classic zonal arrangements because of various climatic influences and a sheltered position owing to the surrounding mountains. A detailed description of this rich flora is given in [47] . Beside the vegetation, the soil is also specific, that is, it unequivocally differs from the soils outside of the region ( Figure 2 ). Figure 2 shows the mean moisture retention curves of medium-fine textured soils derived from the Unsaturated Soil Hydraulic Database of Hungary (HUNSODA) [40] and the database of Hydraulic Properties of European Soils (HYPRES) [48] . The HUNSODA sample locations are shown in Figure 1 . The van Genuchten parameters of the characteristic soil moisture retention curves were calculated using the method of [48] , which is a class pedotransfer function. The water retention curve (WRC) of HUNSODA shows higher water retention in the whole suction range than the one of HYPRES. The difference is also pronounced around saturation, reflecting higher porosity of the Hungarian medium-fine textured soils due to their better aggregate structure. Higher retention data around the wilting point may come from larger inorganic and organic colloid surfaces, as well as from a higher calcium carbonate content of the soil. Note that soils in the HUNSODA are mainly from the Great Hungarian Plain and are formed mostly on loess parent materials containing calcium carbonate. It is to be mentioned that soil textural classes on the Pannonian Plain show a meso-β scale (20-200 km) structure [49] .
Today the Pannonian Plain has a continental climate; it is a dry region with extreme temperature fluctuations [50] characterized either by storms or by longlasting hot periods during summer. In both cases, the weather events are basically determined by convection, when the land-surface-atmosphere coupling is strong [51] . Bugacpuszta station (46.69 ∘ N, 19.60 ∘ E) is an internationally well known station [52] in central Hungary between the Danube and Tisza rivers. Its edaphic conditions, typical for humous sandy soils, support its semi-arid microclimate, which can be extremely strong in summer. The vegetation type is semi-natural sandy grassland.
Latent and sensible heat fluxes
The available energy flux (Ae) at the soil-atmosphere interface is a crucial quantity determined mostly by the radiation properties (albedo and emissivity) of the land-surface. Ae is partitioned into LH and SH, and this is mostly governed by soil moisture content (θ). The complex role of θ is analyzed by different approaches [17, 53] . The distribution of LH and SH is a crucial process in the triggering and evolution of convection [54] , irrespective of whether shallow or deep convection exists. These processes are also highly dependent on the conditions prevailing in the PBL [55, 56] . In Hungary, the process of evapotranspiration has been extensively investigated, as has the dependence of PBL height and convective precipitation on soil hydraulic properties, which will be presented below.
Evapotranspiration
Evapotranspiration is one of the most important coupling mechanisms at the interface of the land-surface and the atmosphere. It has been reviewed in many studies (e.g. [57] The fundamental relationship between transpiration and soil hydraulic properties was investigated by [53] . Two versions of a 3-layer soil moisture prediction model based on the Richards equation in combination with the Penman-Monteith concept for estimating turbulent heat fluxes were used. The two model versions differed only in the parameterization of the moisture availability functions (Fma ). In one, Fma was parameterized by using soil water retention (Ψ(θ)) and conductivity (K(θ)) functions. In the other, Fma was parameterized by using field capacity ( θ f ) and wilting point (θw) soil moisture contents. It was shown that the annual sums of LH v obtained by the two model versions are different when there are inconsistencies between the fitting parameters of Ψ(θ) and K(θ) on one hand, and the θ f value on the other, and not because of the differences in parameterization of Fma. Consequently, Fma parameterized by θ f and θw is recommended to be used if the values of θ f and θw are reliable. We also demonstrated the sensitivity of LH v to θ f changes, which was used for determining θ f value by calculating the annual sum of LH v . We suppose that the procedure is applicable only in well watered, humid climates. This research was performed using the so-called Cabauw data set [61] . The effect of spatial inhomogeneties of θ (θ inh ) on evapotranspiration is analyzed in [62] by comparing a deterministic (point-scale, several hundred m 2 ) and a statistical-deterministic (local scale, several km 2 ) surfaceenergy-balance model. For a vegetated surface without dew or intercepted water, the relationship between the aggregated (θagg) and the spatially averaged (θm) soil moisture content is non-linear and depends on both the states of the surface and the atmospheric boundary conditions. This means that it is hard to construct a simple formula for calculating spatially averaged transpiration on a local scale, if at all. This subject is also dealt with in [63] [64] [65] [66] [67] [68] , but by analyzing only one soil characteristic without extensive comparisons.
The spatial distribution of transpiration is also analyzed by different methods. Both so-called bottom-up [69, 70] and top-down [71, 72] approaches were applied in Hungary. In the bottom-up method the impact of soil is taken into account, while in the top-down method it is not [73] . [69] analyzed the grass-covered surface-transpirationclimate-soil-texture spatial pattern relationships. The annual mean of soil water content (θ) varied between 50-450 mm·m −1 . The lowest θ values were found in sand areas independent of the spatial distribution of P. The largest θ values appeared in clay areas, where θ distribution was also dependent on the spatial distribution of precipitation (P Danube and Tisza rivers close to the Serbian border) are also reproduced by [72] . Agreement between [72] and [69] were also registered in south-western parts of Hungary close to the Croatian border, where the highest LH v values (about 600 mm·year −1 ) are located. The spatiotemporal pattern of θ and LH v has been dealt with in many international works [74] [75] [76] . The results obtained reveal that evapotranspiration can strongly depend on other land-surface features, for instance, on terrain [77] or vegetation [78] . According to our findings the spatial pattern of θ and LH v on the Pannonian Plain in summer seems to be considerably determined by the spatial pattern of soil texture.
Planetary boundary layer height and convective precipitation
The coupling between evapotranspiration and convection is a subject having many unrevealed details [79] . The first attempts at explication go back to the 1970s [80] , when the important role of moist thermals was recognized. Depending on atmospheric conditions, convection can be shallow or deep. The transition from shallow to deep convection is, for instance, today also a subject under investigation [56] . In shallow convection, soil moisture-temperature feedback predominates, while in deep convection, a soil moisture-precipitation feedback is the dominant relationship determining weather as well as climate [44] . In Central Europe, including the Pannonian Plain, both types of convection [20, 23] are relevant in determining summertime weather situations. In Hungary, shallow convection is investigated in terms of PBL height, which is an integral measure of the intensity of turbulence. [35, 36, 81] analyzed the sensitivity of PBL height to soil parameters derived from different soil databases. In these analyses high-pressure weather systems with embedded local convections were investigated. [35] showed that PBL height is extremely sensitive to soil parameter values derived from different databases when the sky is cloudless. PBL height differences reached 600-800 m in some cases, especially above regions with clay soil texture. PBL height differences are the smallest above sandy soil regions, where the differences between the parameter values of USA and Hungarian soils are also small. This sensitivity cannot be registered for cloudy sky conditions due to weak radiation forcing.
The convective precipitation-soil database relationship for the Pannonian Plain is investigated by [37, 38] . The results obtained unequivocally have shown that there are significant differences not only on the level of 5%, but also on the level of 1% (Figures 6 and 7 in [38] ). It has to be noted that the soil database effect was compared to other soil effects, such as the parameterization effects of θ f , θw and θ inh . These comparisons were statistically evaluated by calculating rank-order correlation coefficients between simulations referring to different run types and applying Fischer's r to z transformation [82] . [38] showed that among soil effects, the soil database effect specifically caused the largest differences in convective precipitation fields. It was also shown that convective precipitation is more sensitive to θw than to θ f . Investigations treating precipitation-soil database relationships are becoming increasingly popular [83, 84] . The latter analyses are performed using climate models.
Trace-gases
The most important trace-gases in Hungary are carbondioxide (CO 2 ) and ozone (O 3 ), consequently, they are investigated the most. The exchange of nitrous oxide (N 2 O) between the soil and atmosphere is also investigated since it is an important emission component of the nitrogen (N) balance. All these gases are also greenhouse gases.
Today there are an abundance of soil respiration models. According to [85] they may be classified into three categories: models which estimate soil respiration (SR) solely from climate variables [86] -these so-called empirical models are applicable on the global scale; models which estimate SR treating both climatic and biological processes [87] -these so-called mechanistic models are applicable on the field scale; and, lastly, the newest process-level models [88] focusing on the CO 2 -producers (roots and microorganisms)-these refer to the microscale. The first country-level application of a global scale model [89] in Hungary was performed by [43] . The work analyzed the relationships between the SR of grasscovered surfaces, the climate, and the spatial distribution of soil texture at the mesoscale. The main results were as follows. Spatial distribution of annual SR was very similar to the spatial distribution of annual LH v , which was basically determined by the distribution of θ. Since the spatial pattern of θ is dependent of the spatial pattern of soil texture, there was also a similarity between the spatial pattern of SR and soil texture. Bugacpuszta station. According to [43] the annual SR values in the same region are about three times higher (380-400 gCm −2 yr −1 ). According to [91] these deviations may be assigned to the extreme semiarid conditions prevailing in summer, to the land-cover-type differences and to the different soil conditions, namely, that the soil organic matter content at the measurement plot was extremely low. Summarizing: The obtained similarity between the spatial distribution of SR and soil texture could be easily disturbed by the influence of other environmental factors that are relevant for SR. Ozone exchange occurs via dry deposition at the soilatmosphere interface since it dissolves poorly in water. Above a vegetated surface the total dry deposition consists of stomatal and non-stomatal pathways, so it is obvious that the process is strongly soil moisture-content dependent. The stomatal uptake of ozone is an important process because of its damaging effect on plants [93] . The non-stomatal pathway of ozone deposition cannot be neglected because the stomatal uptake of ozone accounts only for 30-60% of the total deposition [94] . Therefore increasing attention is being paid to its measurement [95] . A detailed review of this subject is also given by [96] . In Hungary, [97] investigated the role of the non-stomatal pathway in ozone dry deposition. The dry depositionvelocity-surface-resistance relationship for loam soil texture is quantified for different land cover types. Dry deposition velocity (v d ) differences between dry (high v d values) and wet (low v d values) surfaces varied between 0.2 and 0.6 cm·s −1 . The v d differences between different land cover types (e.g. agricultural land and coniferous forest) at the same surface resistance value varied between 0.1 and 0.3 cm·s −1 , that is, the two differences are roughly comparable. [97] highlighted that more sophisticated parameterization of surface resistance is required in a deposition model like the one in [98] . The spatial distribution of ozone total dry deposition velocity (v t d ) during hot summer days in July in Hungary was analyzed by [42] . The distribution obtained showed extremely large similarities to an estimated spatial distribution of soil moisture content. The smallest v t d values appeared above sandy soil regions, where the θ values were also the smallest. Since the spatial distribution of θ is strongly determined by the spatial distribution of soil texture [69] , especially in summer, there is also a similarity between the spatial distribution of v t d and soil texture. This simulated pattern appeared because of the existence of a mesoscale pattern of soil texture on the Pannonian Plain. It should be mentioned that biogenic NO (nitric oxide) and VOC (Volatile Organic Compounds) emissions from soils and vegetation are not taken into account, though they could be an important sink for ozone because of chemical reactions. The simulation results were not confirmed by field measurements. Summarizing: According to both [42] and [97] the stomatal pathway compared to non-stomatal pathway seems to be more important in the total deposition of ozone during hot summer days on the Pannonian Plain.
The present climate on the Pannonian Plain, enabling mostly aerobic conditions, does not favor methanogenesis but rather CO 2 e ux [11] , and after rainy events N 2 O emission [99] . In their formation the microbial community structure and activity is of crucial importance [85] , which are regulated by both biogeophysical (e.g. temperature and soil moisture) and biogeochemical (e.g. organic matter content and pH) factors of the soil. Studies treating the effects of biogeophysical factors on trace-gas emission are in the majority [85] , but studies focusing on biogeochemical aspects are also common [100] [101] [102] [103] . In Hungary, [52] was the first investigation which analyzed the biogeochemical dependence of N 2 O and NO emissions us-ing the well-known DNDC (Denitrification Decomposition) model at Bugacpuszta station [30] . [52, 104] analyzed the sensitivity of N 2 O and NO emissions of soil to soil organic carbon (SOC), to mineral nitrogen content (MNC), to microbial activity and to pH-value. Based on their experience, the conclusion is that SOC, MNC and pH-value are the main biogeochemical factors. It is to be underlined that simulated fluxes of N 2 O and NO were confirmed by on-site measurements. The agreement between the annual values is good, but the extreme values of daily fluxes deviated significantly from the simulation [52] . Some of these results, together with results referring to CO 2 and CH 4 , were discussed briefly by [105] . As in the former case of CO 2 , the spatiotemporal pattern of N 2 O and NO emissions is also extremely variable; the subject is investigated much more intensively and effectively by measurements [106] , just like in the international scientific community. It is worth mentioning that among environmental factors, soil moisture content has special importance. This is confirmed by both measurements and simulation tools [99] .
Soil moisture content: A basic state variable
The main forcings of evapotranspiration are available soil moisture content and radiative energy [44] . Under the present climatic and hydrographic conditions on the Pannonian Plain, LH is limited by radiation in the winter and spring and by soil moisture content in the summer [69] . This is also confirmed by the results presented in [44] . This summertime θ limitation results in a recognizable interdependence between LH and soil texture. The connection between LH and soil moisture content has also been investigated on a global scale [74] . Regions characterized by their strong connections have been identified. According to [22] these regions are transitional regions between dry and wet climate zones. Such conditions can be found between some parts of the Pannonian Plain during the summer ([44, Figure 8e] ). The region's climate is partially characterized by heat waves when shallow convection is the prevailing process. Then, the soil-moisturetemperature feedback is positive [107] , increasing the temperature anomaly [108, 109] . There are no Hungarian studies dealing with this subject. It is to be noted, likewise, that the number of studies focusing on the mechanisms of the formation of shallow clouds in the PBL is increasing [19] , but similar to the former case, there have been no Hungarian efforts related to this. Beside heat waves, storm activity is also an important feature of the region.
There are many studies considering the character of the soil-moisture-precipitation feedback [20, 110, 111] , which can be positive as well as negative. The soil-moistureprecipitation feedback is much more complicated than the soil-moisture-temperature feedback [44] . [20] established a positive feedback in the Central European region. As many others did, they realized the importance of soil moisture anomalies rather than soil moisture per se. There are numerous studies dealing with large-scale and non-local impacts of soil moisture anomalies on precipitation climate [112, 113] ; at the same time there are no Hungarian attempts. Soil moisture content also influences microbial processes. In waterlogged regimes (anaerobic conditions) decomposition is regulated by reductive processes producing methane; likewise, in soils with enough pore-space air (aerobic conditions) the prevailing decomposition process is respiration. Dominant heterotrophic respiration [85] , despite its biological determination, depends strongly on temperature and moisture content [11] , of course, in a species-specific way. Beside this direct effect, the indirect influence of photosynthesis via net primary productivity has also to be mentioned [86, 114] . The current, overly holistic soil-respiration models do not take into account at all or underestimate the importance of the relationship between assimilation and belowground processes [115] . Soil water status can be changed easily via soil-cloud feedback modifying radiative transfer. In shallow convection, the shading effect provided by shallow cumulus clouds determines their further dynamic significantly [116] . [20] showed the importance of longwave radiative effects on soil-precipitation feedback while investigating physical mechanisms of deep convection.Biogeophysical and biogeochemical mechanisms are strongly coupled via photosynthesis. This is demonstrated in [116] analyzing the sensitivity of shallow convection to the type of photosynthesis using the Dutch Atmospheric Large-Eddy Simulation model (DALES) [117] explicitly coupled to a plantphysiology model. [116] showed that moist thermals and shallow cumulus clouds may noticeably differ above C 3 and C 4 grasses. C 4 plants possess higher water use efficiency (WUE) than C 3 plants, and consequently, moist thermals above C 4 plants may be more energetic (higher SH) and drier (lower LH) than above C 3 plants. This difference can also be noticed in cloud structure. According to [116] , the cloud cover and the liquid water path of shallow cumulus clouds formed over C 4 grasses are higher than over C 3 grasses if the free tropospheric conditions are identical. This study assumed well-watered soil conditions in its numerical experiments. Summarizing: Water avail-ability (abundance and/or lack) is a crucial factor for both biogeophysical and biogeochemical mechanisms.
Concluding remarks and outlook
Modeling efforts focusing on soil-atmosphere relationships are briefly discussed. An analysis is performed comparing Hungarian and international contributions. The main findings may be summarized as follows:
1. According to Guo's [118] phrase, Hungarian modeling efforts have dealt with the soil-state-surfaceflux segment, and not with the surface-fluxatmospheric-state segment in the soil-atmosphere relationship chain. In both the Hungarian and the international scientific community, the basic properties of evapotranspiration have been extensively investigated [16, 17, 53, 58] . [53] proved that the transpiration-water-availability relationship can be efficiently parameterized via θ f and θw if the values of θ f and θw are reliable. Concerning differences between LH v (θ) and LH b (θ), [58] showed that these differences are the greatest around θw. These differences are much smaller for an inhomogeneous spatial distribution of θ [62, 66, 67] . It has been shown that LH is limited by soil moisture content in summer under current hydrographic and climatic conditions on the Pannonian Plain [69] . Some results also suggest that the mesoscale spatial pattern of θ and LH v seems to be considerably determined by the spatial pattern of soil texture. 2. There is evidence [41, 119] that the hydraulic properties of soils on the Pannonian Plain are regionspecific, so convection, irrespective of whether it is shallow [35] or deep [38] convection, is also regionspecific to some extent. The rate of region-specificity has not been quantified to date. 3. Concerning biogeochemical transports in the region of the Pannonian Plain, soil respiration and ozone deposition were the most common subjects investigated. Some model results [42, 43] suggest that soil texture could be relevant for O 3 and CO 2 exchange in extreme summer conditions. Their spatiotemporal distribution on the mesoscale and microscale is also determined by many other more or less important factors [32] , so the simulated spatiotemporal distributions of trace-gases are highly uncertain. Consequently, today measurement techniques are still to be preferred.
All these studies indicate the basic importance of soil moisture content in regulating land-surface-atmosphere interaction processes. This is well demonstrated, for instance, in [44, 120] from the biophysical point of view, or, in [11] from the biogeochemical point of view. The basic importance of soil moisture content is also valid in the case of the Pannonian Plain. The shallow [35] and deep convection [37] processes analyzed characterize the present Pannonian Plain, which can be extremely dry in the summer. At the same time, we know that the Pannonian Plain was a wet, if not an extremely wet region in the age before flood control. According to [110, 121] , the water availability of the surface is of crucial importance. Based on these findings, one can assume that characteristics of convection and, consequently, of climate may be rather different between the Pannonian Plain of the present and its past hydrography. Investigations focusing on these subjects should be encouraged in the future to build up a strategy to mitigate the negative effects (such as droughts and heat waves) of climate warming.
